ABSTRACT The increased cases of cutaneous leishmaniasis vectored by Phlebotomus papatasi (Scopoli) in Libya have driven considerable effort to develop a predictive model for the potential geographical distribution of this disease. We collected adult P. papatasi from 17 sites in Musrata and Yefern regions of Libya using four different attraction traps. Our trap results and literature records describing the distribution of P. papatasi were incorporated into a MaxEnt algorithm prediction model that used 22 environmental variables. The model showed a high performance (AUC ϭ 0.992 and 0.990 for training and test data, respectively). High suitability for P. papatasi was predicted to be largely conÞned to the coast at altitudes Ͻ600 m. Regions south of 30Њ N latitude were calculated as unsuitable for this species. Jackknife analysis identiÞed precipitation as having the most signiÞcant predictive power, while temperature and elevation variables were less inßuential. The National Leishmaniasis Control Program in Libya may Þnd this information useful in their efforts to control zoonotic cutaneous leishmaniasis. Existing records are strongly biased toward a few geographical regions, and therefore, further sand ßy collections are warranted that should include documentation of such factors as soil texture and humidity, land cover, and normalized difference vegetation index (NDVI) data to increase the modelÕs predictive power.
Emerging and resurging vector-borne diseases cause signiÞcant morbidity and mortality, especially in the developing world (Gratz 1999, Eisen and Eisen 2011) . Our understanding of vector-borne disease risks and the vector control strategies for a given location relies in part on what is known, or assumed, about the geographical distribution of each of the potential vector species (Foley et al. 2008, Eisen and Eisen 2011) .
Phlebotomus papatasi (Scopoli) is one of the most important vectors of cutaneous leishmaniasis (CL) caused by Leishmania major (Yakimoff & Schokhor) in the Old World (Seccombe et al. 1993 ). Distribution range of P. papatasi extends across North Africa, through Eurasia, and into India.
It is estimated that there are currently 12 million cases of conÞdence limits and visceral leishmaniasis (VL) throughout the world, and an estimated 1.5Ð2 million new cases and 70,000 deaths every year (Desjeux 2004) . Although leishmaniasis occurs in 88 Old and New World countries, the majority of cases and deaths occur in Africa, Asia, and South America (Desjeux 2004) . Individuals with HIV infection are especially at risk of developing serious complications and death from both forms (Desjeux et al. 2001) .
Cutaneous leishmaniasis is generally endemic throughout rural areas of Libya where rodent reservoirs and vectors maintain a close spatial association (Ashford et al. 1976 , Annajar 1999 . Historically, the majority of conÞdence limits cases in Libya have occurred in the northwestern province, while southern regions have reported fewer cases (El-Buni et al. 1993) . However, the numbers of conÞdence limits cases have increased and expanded over areas south and west of Tripoli, extending to the Tunisian border (Kadiki and Ashraf 1971 , El-Buni et al. 1993 , El-Buni and Ben-Darif 1996 , Annajar 2008 , Dokhan 2008 . Recently, a conÞdence limits outbreak was reported in Musrata province in 2005, with an estimated 7,000 cases among half million inhabitants (Annajar 2008) .
Predicting when and where leishmaniasis epidemics will occur is difÞcult because ecological factors have not been fully elucidated. In addition, traditional sand ßy sampling techniques are impractical, time consuming, costly, and may place workers at risk for contracting conÞdence limits. Such problems can be resolved using remote sensing (RS) and geographic information system (GIS) technologies (Foley et al. 2008, Eisen and Eisen 2011) . The increased accuracy
The views expressed in this article are those of the authors and do not necessarily reßect the ofÞcial policy or position of the Department of the Navy, Department of Defense, nor the U.S. Government. Title 17 U.S.C. ¤105 provides that ÔCopyright protection under this title is not available for any work of the United States government.Õof climate and environmental data and advances in GIS and RS, can be harnessed to reduce the vectorborne disease burden inßicted on humans (Eisen and Eisen 2011) . Species distribution models have provided a popular analytical framework for predicting species distribution by linking known speciesÕ locality data with environmental variables, known to be important for target species (Rushton et al. 2004 , Elith et al. 2011 ). This relationship is based on statistically or theoretically derived response functions that characterize the environmental conditions associated with the ecological niche of a given species (Austin 2007) .
The wide distribution of the P. papatasi in nature appears to be highly dependent upon environmental conditions (Cross et al. 1996 , Colacicco-Mayhugh et al. 2010 . Several of these conditions can be measured and evaluated using remotely sensed data and incorporated into GIS generated model to provide the probability of encountering this vector in a given area and the potential risk for contracting conÞdence limits and VL. The objective of this study was to incorporate the known distribution of P. papatasi and a machinelearning algorithm to predict its likely geographic distribution and model its fundamental ecological niches in Libya.
Materials and Methods
Country Profile. Libya is situated in North Africa and is Ϸ1.76 million km 2 in area. It forms part of a vast plateau in North Africa that extends from the Atlantic Ocean to the Red Sea. The country in general is a vast expanse of semiarid and arid land of variable topography.
The climate of Libya is determined by the contrast between the Mediterranean and the Sahara. The coast has a Mediterranean climate, receives more rainfall, and is more humid than the inland. The highest mean temperatures in Libya occur in July and August, the coldest period is December through February. The average relative humidity in the coastal areas tends to be high (50 Ð95%); and it decreases toward the steppe -Buni and Refai (2005) and the gravel foreland (15Ð70%) and increases slightly in the mountain (26 Ð 82%) (Annajar 1999 were placed at six sites at Misrata, Taurgha, and four sites at Yefern (Fig. 1, Table 1 ). Traps were set for Þve consecutive nights from 1700 to 0700 hours. In addition, seven sites were checked once for presence of P. papatasi at Taurgha and Yefern (Table 1) using CDC light traps. Sand ßies were counted, sexed and identiÞed to species using the taxonomic keys of Lewis (1982) and Lane (1986) . The coordinates of each surveyed sites were recorded using GPS (Garmin Colorado 400c handheld Global Positioning System); while coordinates of published records were extracted from the Libyan gazetteer (http://diva-gis.org/ gdata). The archive at National Leishmaniasis Control Program (National Centre for Diseases Control, Libya) and the Armed Forces Pest Management Board (AFPMB) database were used to search for literature, searching on the terms Libya, leishmaniasis, Phlebotomus papatasi, and sand ßy. The literature that did not include distribution records of the species were excluded. Finally, 11 articles were used to extract occurrence records. We compiled occurrence records for P. papatasi (Supp . Table S1 [online only]) from our Þeld surveillance (17 points), published records (26 points), and converted them to a shapeÞle using ArcGIS 9.3.
Environmental Variables. Twenty two bioclimatic and topographical variables (Table 2) were used to build the model. Nineteen bioclimatic variables (Graham and Hijmans 2006), were extracted from WorldClim database, version 1.4 (Hijmans et al. 2005) (http://www.worldclim.org/bioclim.htm) in an ESRI grid format (30 arc-seconds, Ϸ1 km resolution). The digital elevation model (DEM) data (at 0.01Њ or 1 km spatial resolution) from the WorldClim Web site were used to generate slope angle and aspect (both in degrees) using surface analysis extension in ArcGIS 9.3. All 22 variables were clipped to the Libyan political boundaries, and exported ASCII raster Þles using ArcMap 9.3 model builder (Koy 2008) .
Modeling Procedure. The predicted geographical distribution of P. papatasi in Libya was based on an ecological niche model generated by MaxEnt software, version 3.3. The software was conÞgured to the "Auto features" mode as suggested by Phillips and Dudṍk (2008) , the logistic output format, and ASCII output Þle type. The 40 occurrence records (MaxEnt reduced the 43 points to 40 by removing duplicate records in the same cell) were randomly partitioned into two subsamples; 80% of the records for training and 20% for testing the resulting models. We used two indicators to examine the performance of the model: extrinsic omission evaluated at a Þxed threshold and the area under the curve (AUC) of the receiver operating characteristic (ROC). Some studies have reported some limitations in the use of AUC as a measure of performance in presence-only models (Lobo et al. 2010) . However, the AUC is often used as a single threshold-independent measure of choice for model performance; it has been shown to be independent of prevalence and a highly effective measure of the model performance (Thuiller et al. 2005 ). The contribution of environmental variables to the model was evaluated using the jackknife analysis in the MaxEnt software. The jackknife identiÞed seven data layers 
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JOURNAL OF MEDICAL ENTOMOLOGY Vol. 49, no. 3 that did not contribute to the Þnal predictive model; variables with no contribution were excluded from the Þnal analysis. The spatial distribution in term of the predictive probability was classiÞed using four categories, very low (Ͻ0.1), low (0.1Ð 0.3), medium (0.3Ð 0.5), and high (0.5Ð1.0) to represent the range of occurrence using the symbology in ArcMap 9.3.
Results
In total, 4,157 sand ßies were collected during June, August, September, and November 2010, comprising Þve Phlebotomus species (P. longicuspis Nitzulescu, P. papatasi, P. langeroni Nitzulescu, P. perniciosus Newstead, and P. sergenti sergenti Parrot) and three Sergentomyia species (S. antennata Newstead, S. fallax fallax Parrot, and S. minuta parroti Adler & Theodor). P. papatasi comprised 37.6% of the sand ßy capture and was the second most commonly captured sand ßy after P. longicuspis (54.6%). Females comprised 62.2% of the total P. papatasi captured.
Predicted Distribution of P. papatasi. The predictive performance of the model for P. papatasi using 80% (n ϭ 32) of point for training and 20% (n ϭ 8) for testing was high with an AUC value of 0.992 and 0.990 for train and test points, respectively, with a SD 0.005. The fractional predicted area was 0.279 and the omission rate for test points was 0.0001. At this threshold, test points were classiÞed as signiÞcantly better than random (P Ͻ 0.0001).
The predicted distribution of P. papatasi (Fig. 1 ) is focused in two distinct geographical regions of Libya. One region includes two distinct ranges; the western coastal range that contiguously runs along the Mediterranean coast from the Tunisian border (at Al-Neqat Al-Khams) to the westernmost part of Sirte; and a mountainous range (Al Gabal El-Gharbi) extending from the south coast eastwardly from Nalut (at Tunisian border) to Tarhuna. The second region is the eastern part of the Mediterranean coast, which runs from Al-Hizam Al-Akhdar and Benghazi city to Darna. In addition a few outlier habitats were predicted at Al-Butnan (north of Tubruq) near the Egyptian border. Figure 1 shows that the west and south-west regions of Tripoli have the highest probabilities (Ͼ0.5) of sustaining P. papatasi population, while areas south of 30Њ latitude were less favorable (Ͻ0.1). In particular, P. papatasi is mainly associated with areas receiving average precipitation of 100 Ð 600 mm and that located at lower elevations (Ͻ600 m).
Contribution of the Variables to the Model. The MaxEnt modelÕs internal jackknife test (Fig. 2) identiÞed that precipitation related variables have significantly greater predictive power (69.1%) compared with other environmental variables. The annual precipitation variable (libya bio12) provided the greatest training gain (54.2%) when used to build a P. papatasi distribution model. Temperature related variables had a signiÞcant reduced effect (16.9%) compared with precipitation in the model.
Discussion
During the last 15 yr numerous research studies have demonstrated that remote sensing and GIS are important tools to generate predictive maps, which may contribute to a better understanding of the ecological factors affecting parasitic diseases (Cross et al. 1996 , Hassan et al. 1999 , Rushton et al. 2004 , Foley et al. 2008 , Colacicco-Mayhugh et al. 2010 , Eisen and Eisen 2011 , Elith et al. 2011 . Our study is the Þrst to use GIS to predict the spatial distribution of P. papatasi in Libya. The spatial distribution model generated in this study agreed with our experience collecting sand ßies in Libya, and that of past sand ßy collection studies (Kadiki and Ashraf 1971 , Ashford et al. 1977 , El-Buni et al. 1993 , El-Buni and Ben-Darif 1996 , Annajar 1999 , El-Buni et al. 2000 , El-Buni and Refai 2005 , Hossok and El-Buni 2005 , Tabit et al. 2005 , Dokhan 2008 ). However, further trapping studies are warranted to validate our prediction. Additionally, the high predicted probability values (P Ͼ 0.5Ð1.0) are similar to known distribution of conÞdence limits outbreaks (Ashford et al. 1976; El-Buni et al. 1993 El-Buni and Ben-Darif 1996; Annjar 1999 Annjar , 2008 Dokhan 2008; Kimutai et al. 2009 ) or coincide with recent conÞdence limits cases (Annajar 2008 , Fathy et al. 2009 ). Within the predicted geographical range of the species, areas of very low or no predicted probability (P Ͻ 0.1) coincide with absences of sand ßy records (El-Buni et al. 1993 , Annjar 1999 .
Determining the geographical distributions of P. papatasi have been investigated using various environmental variables (Belen et al. 2004 , ColaciccoMayhugh et al. 2010 or nonlinear equations in combination with spatial mapping tools (Cross et al. 1996 , Hassan et al. 1999 . Many of these studies have determined speciÞc environmental aspects that inßu-ence the ecological niche of a species, but have not demonstrated an ability to predict a distribution beyond the input data area (Colacicco-Mayhugh et al. 2010) . In our study, bioclimatic and topographic environmental variables provided the greatest contribution for predicting the potential distribution of P. papatasi. Annual precipitation provided the greatest contribution to deÞning the potential distribution of P. papatasi. Our model results are similar to previous studies demonstrating a high probability for P. papatasi inhabiting environments with higher humidity (Colacicco-Mayhugh et al. 2010 ). The high probability of P. papatasi present in areas with highest annual precipitation in Libya is not surprising as increased precipitation and humidity facilitate plant growth that equate to more food and shelter for rodents, consequently providing ideal sand ßy habitats (Abul-Hab and Al-Baghdadi 1972, Fathy et al. 2009 ). In contrast, regions receiving little precipitation (Ͻ50 mm) resulting in high diurnal temperatures (Ͼ34ЊC) had a reduced probability of P. papatasi existing in these habitats (Cross et al. 1996) .
The major decline in P. papatasi distribution above 600 m is likely because of in part to the ecophysiological constraints, mainly low temperatures. In addition, May 2012 ABDEL-DAYEM ET AL.: POTENTIAL DISTRIBUTION OF Phelbotomus papatasithe ability of species to disperse and survive at high elevation is another boundary effect that inßuences the species distribution (Colwell and Lees 2000) . This is similar to those found of sand ßy species in the western part of Libyan coast (Annajar 1999 ) and of the localities in which conÞdence limits cases were described (Ashford et al. 1976 , El-Buni et al. 1993 , Annajar 2008 . One potential limitation in our study was the absence of soil condition (texture and humidity) environmental layers, known to signiÞcantly affect the longevity (Hassan et al. 1999 ) and abundance of sand ßies (Annajar 1999 , Dokhan 2008 , Colacicco-Mayhugh et al. 2010 .
Vegetation, topography, and soil conditions create microclimates and ecological niches for P. papatasi (Colacicco-Mayhugh et al. 2010) . Studies have reported the importance of vegetation type as an important sugar source for adult sand ßies (Annajar 1999) . Furthermore, halophyte plants such as Halocnemum strobilaceum (Pall.) M. Bieb. and Zizyphus lotus L. (Desf.) serve as important sites for the rodent burrows in Libya (Annajar 1999 , Ashford et al. 1977 .
Our model may be useful in deÞning the minimum ecological requirements to support P. papatasi in Libya, but other factors such as human dwellings, rodent populations, and animal shelters should also be considered.
Our results may contribute to a better understanding of the environmental variables affecting the current distributions of P. papatasi in Libya. However, further sand ßy collections are required to validate this model. Further research is recommended that incorporate the distribution of rodents, animal shelters, plant cover, and human demographics, and conÞ-dence limits epidemics in the modeling of P. papatasi distribution.
